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ABSTRACT: A significant numler of problems related to concrete deterioratiorelzeen e-
tected in large concrete structures in Portugalveoiddwide, the leading cause being ASR. The
importance of these structures, the number of faicivASR has already been identified or is
very likely to be diagnosed in a near future, ali agthe number of structures that are under or
planned for construction, which may also come teetigp ASR is why it is still nowadays a
major concern and a complex problem. Thereforaudysis being conducted at LNEC to di-
minish the negative impact of ASR by increasingvdaalge on how to reliably control ASR in
new structures and on how to properly assess ieeand potential for future development in
the existing ones, so that the risks to structumtelgrity and need for mitigation/remediation ac-
tions can be properly assessed. This paper presesiisodologies, based on state-of-the-
knowledge collected on that study, which may beduseconstruction industry stakeholders in
the prevention of ASR in new concrete structures@mASR diagnosis and prognosis in exist-
ing concrete structures.

1 INTRODUCTION

Deterioration of concrete structures by Alkali-&liReaction (ASR) has increased dramatically
in recent years in Portugal. ASR occurs betweealidtlydroxides in concrete pore solution and
some siliceous minerals present in certain aggesgaind results in the formation of a hydro-
philic gel that expands in the presence of watel ancertain conditions, may disrupt concrete.
ASR has important economic implications, since tnermally observed in very large structures
(e.g. dams, bridges) and the work necessary todiemeethe problem involves large areas of
reconstruction and complex and expensive repatgogniques and materials. In addition, ASR
diminishes the affected structure service life, nmagplve the interruption of its function and,
ultimately, can lead to its decommissioning and aleshing. In Portugal, ASR is present in
tenths of structures. Due to the rhythm at whictRAS being identified in existing structures
and the large number of structures under or plaforedonstruction in Portugal, which may al-
so develop ASR, it is predicted that concrete stmes deterioration will continue to increase
considerably. The reasoning for this is that dsstreigns appear decades after construction;
numerous structures were built with aggregates vhie now known to be reactive; concrete
formulation considered that the only alkali souwnes the cement, this is now known not to be
true; structures can now be built free from deletesr ASR, but several are being constructed
with aggregates for which reactivity tests givealiable results; large structures require vast
amounts of aggregates, so in many cases local svekssed, thus some new structures use po-
tentially alkali reactive aggregates.



2 NEW CONCRETE STRUCTURES

Presently, only two standards deal with ASR, EN 20&N, 2013) and EN 12620 (CEN,
2008), and they just state that actions shall kentdo prevent ASR in new structures using
procedures of established suitability. Due to theaglexity and multiplicity of factors involved

in ASR together with the variability of the matdsiased (e.g. cements, aggregates, admixtures,
supplementary cementitious materials), no suctblsted procedures exist, and each country
has to rely on national specifications. Becausthaf, in Portugal, LNEC Specification E 461
(LNEC, 2007) was created in 2004. However, duéd¢ostcientific developments occurred since
then, a new revised version will soon be publistedbetter support stakeholders on how to
prevent ARS in new concrete structures. The mdfaréinces between the revised and original
version reside in the methodology followed to idignan aggregate reactivity and in the as-
sessment of the level of precaution and choicgpfapriate precautionary measures.

The methodology envisaged to identify a deletetiousactive aggregate is presented in
Figure 1. It can be seen that in order for a roekifed as an aggregate for concrete in Portugal
it is always necessary to assess at the laboratoASR reactivity. The petrographic examina-
tion shall be made according to LNEC Specificatib15 (LNEC, 1993) and will allow to
classify the aggregate as belonging to Class k(ualikely to be alkali-reactive), Class Il (po-
tentially alkali-reactive or alkali-reactivity untein) or as Class Ill (very likely to be alkali-
reactive). Although, petrography may be used tesifg an aggregate as potentially or likely
alkali-reactive, expansion tests are required terddne the extent of the reactivity and appro-
priate levels of prevention. According to the preéed methodology, aggregates may be accept-
ed as non-reactive solely on the basis of petrdyréjoit that decision has a certain risk associ-
ated; therefore, in some situations it is advisablgerform the expansion tests as well.

The expansion tests prescribed comprise an actederaortar-bar test - AMBT (ASTM,
2014) and concrete-prism tests - CPT (RILEM, 20RIhEM, 2014c, RILEM, 2014d). From
all existing tests, it has been considered thatdhests produce results more consistent with the
ones observed in the field. If the aggregate issiciamed to be non-deleteriously-reactive (i.e.
obtained an expansion lower than the maximum expaninit defined in tests), it can be ac-
cepted for use in concrete with no further consitlen of mitigation actions (as long as it
complies with NP EN 206-1). If the aggregate isndio be deleteriously reactive, either it is
not used or preventive measures shall be usect@prthe development of deleterious ASR in
the concrete structure.

It has been shown that, for some aggregates, thBTAMight incorrectly identify a deleteri-
ously reactive aggregate as being non-deleterieneslgtive; therefore, in spite of the most reli-
able approach for determining aggregate reactbgiyng the CPT, its duration makes it not fea-
sible for most situations and the AMBT is still essal in the alkali-silica reactivity appraisal.

For aggregates that contain porous flint (cherta gtentially reactive constituent, and in
the case of the so called slowly reactive aggregg@e. granites and basalts), the AMBT shall
not be performed, as it does not provide a reliabgilt; in this case the route marked with a
dashed line in Figure 1 shall be followed instead.

The maximum expansion that can be attained bydherete in the expansion test, which is
likely to indicate non-expansive materials, hasnegeived yet a broad consensus. However, it
seems that results in the AAR-3.1 test (usuallgref2 months) of less than 0.05 % are likely to
indicate non-expansive materials; whilst, resukseeding 0.10 % indicate expansive materi-
als. It is still not possible to provide definitivgerpretative guidance for results in the interme
diate range of 0.05 % to 0.10 % and, because o¢f élggregates yielding results in this range
are considered as being potentially alkali-reacthar slowly reactive aggregates, a lower crite-
rion of 0.03% at 12 months should be used or, pabfg, the test shall be prolonged to 24
months. Independently, of the aggregate evaludtespansion is still occurring at 12 months
of testing, it is recommended that the test comtinotil expansion ceases or it has become clear
if the criteria will or will not be exceeded. If gu continued testing is not feasible, then a
judgement will have to be made from the inspectibthe shape of the expansion curve up to
12 months, as to whether or not the criteria wdiddikely to be exceeded during further test-
ing period. In terms of the AAR-4.1 test, it isiegkd that a maximum expansion in the test of
0.03 % at 15 weeks indicates a non-reactive agtgeghus, in the case of aggregate producing
AAR-4.1 expansion greater than 0.03 % at 15 wepksyentive measures shall be taken to



minimise the risk of the development of deleteridi®R in the structure. The findings from the
CPT shall always take precedence over the resuolts petrography examination and AMBT.
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Figure 1. Methodology for evaluating aggregate latitica reactivity.

The assessment of the level of precaution and gppte precautionary measures is summa-
rized in Figure 2. The process starts by a categtion of the structure according to the risks
associated with ASR occurrence in the structureyaha into three risk categories: R1 - low
risk (e.g. non load-bearing elements inside bugdjrtemporary or short service life structures,
easily replaceable elements); R2 - normal risk. (egst building and civil engineering struc-
tures); and R3 - high risk (e.g. long service tifecritical structures where the risk of deteriora-
tion from ASR damage is judged unacceptable - muclacilities, dams, tunnels, important
bridges or viaducts, structures retaining hazarcdoaterials). Then, the service environment to
which to structure will be exposed is identifiedrr three possible categories: E1 - the concrete
is essentially protected from extraneous moistke:- the concrete is exposed to extraneous
moisture; and E3 - the concrete is exposed to matnas moisture and additionally to aggravat-
ing factors, such as sodium chloride based de-is#ity, freezing and thawing or wetting and
drying in a marine environment. The previous twtegarizations shall be made by the owner
or authority responsible for the structure, in @bdration with the designer. Next, the structural
and environmental categorisation is combined twigeothe level of precaution. Four levels of
precaution exist: P1 - no special precautions ag#i8R; P2 - normal level of precaution; P3 -
special level of precaution; and P4 - extraordidawel of precaution. To each precaution level
a specific set of preventive measures are therieapplhere are four possible measures: M1 —
restricting pore solution alkalinity (e.g. achieveg limiting concrete alkali content, using low
alkali cement, including sufficient proportion @i lime-fly ash, or other mineral addition that
have demonstrated to be effective in the concréd@): ensuring the use of a non-reactive ag-
gregate; M3 - reducing moisture ingress to mainta@concrete in a sufficiently dry state to
prevent deleterious expansion of the gel; and Mwdifying the properties of ASR gel so that
it becomes non-expansive.



Classification of the structure Identification of the service
intoarisk category environment category

|| L | [Re] [=e] LEL) [e2] (&2

Establishment of thelevel of prevention
according to risk and environment categories

v v v v v
||R1/E1|| ||R1/E2|| ||R1/E3|| ||R2/E1|| ||R2/E2|| ||R3/E1|| ||R2/E3|| ||R3/E2|| ||R3/E3||
& =]
No precautionary Precautionary
measur es necessary measur es necessary

v v v v
||R2/E2|| ||R2/E3|| ||R3/E2|| ||R3/E3||

|| Any one of: || || Any two of: || Any one of.

]

M1

M

M

M4

BIE|EIE

Figure 2. Methodology for selecting preventive meas [adapted from (RILEM, 2014a)].

3 EXISTING CONCRETE STRUCTURES

Diagnosis and prognosis of ASR in existing struesuare not currently covered by any Euro-
pean standard or regulation. Because of that, LidEgbing to publish a LNEC Specification
to provide support to the construction industrkstenlders on how to deal with ARS in exist-
ing concrete structures.

The methodology that can be followed to apprais@d &R affected structure is summarized
in Figure 3. The assessment process can be dibidedlly into three stages: (1) initial survey;
(2) diagnosis; and (3) prognosis.

The first stage consists on the visual observaifdhe structure, where the visual symptoms
of deterioration are annotated and compared taethosxmonly observed on affected structures
(e.g. expansion causing deformation, relative mammand displacement; cracking; surface
discoloration; gel exudations; occasional pop-ows}this stage, any documents relating to the
structure (e.g. exposure conditions; age of strectdetails and dates of modifications or re-
pairs; plans, drawings and specifications of thecstire; previous surveys or investigations on
the structure) and the materials used for the coctsdn (e.g. concrete mix design and details
of analyses or tests carried out on concrete daestis) are also gathered and reviewed to as-
sist in the appraisal process and decide uporikbkhiood of ASR presence. In the case of be-
ing decided that ASR is most likely not presergntia routine inspection plan is defined.

If the probability of ASR being present is deteredrno be significant, then the information
collected on the previous stage is used in staged2fine the preliminary sampling program to
be carried out on a selected number of elementa fre concrete members showing visual
signs of deterioration. These samples are therestdy) a series of destructive tests (e.g. obser-
vation by optical and scanning electron microscpopesermination of alkali and cement con-



tents) that allow the diagnosis of the cause(ghefconcrete deterioration and the obtainment
of a general assessment of the extent of detenarat

In the case of ASR presence is confirmed and dartagencrete is observed in Stage 2,
then the appraisal process advances to Stagdl8sistage, an extensive inspection programme
is devised to allow a structural integrity asses#mand an additional and broader sampling
plan is defined to allow a detailed testing progiianthe laboratory, which quantifies current
condition of concrete (i.e. degree of expansionfzerattained to date), evaluates potential for
future expansion (i.e. trend for future concretéederation), and predicts future structural
risks. This sampling plan envisages core extradtisgeveral locations at the structure, includ-
ing visually deteriorated and sound areas. In #we ©f a massive structural element, it is also
important to extract cores from deep inside thea#d element in order to evaluate the degree
of the reaction throughout the element thicknesstddver, cores can be taken also from loca-
tions without visible signs of deterioration buattsatisfy the requirements to the development
of ASR, so that actions to mitigate IER can be utaden in the initial stage of the reaction,
thus minimizing further damage to the concrete. mhmber of samples required depends on
the type and complexity of the structure. The rmsof the detailed investigation are then ana-
lysed and decisions made regarding the need to gsldnimplement in-situ monitoring pro-
grams (measuring expansion and deformation) aradrrapd/or mitigation strategies.
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Figure 3. Methodology for the diagnosis and progo§ASR in concrete structures.



4 CONCLUSIONS AND FURTHER RESEARCH NEEDS

This paper presented methodologies, resulting ftbhi&C’s accumulated expertise and deriv-

ing from the most recent findings of the internagibscientific community, that may be used by

the construction industry stakeholders to bettertrob ASR in new concrete structures, and to
more adequately manage affected structures; thabliag a more sustainable and effective use
of the country’s economic and natural resources.

Even though, current knowledge is, in most casgfficeent to prevent ASR in new struc-
tures, several issues still require further inygggton. For instance, petrographic examination is
still unclear about the potential reactivity of ssminerals present in granite like rocks; current
expansion tests may produce unreliable results sathe aggregate types (e.g. granites), cannot
assess concrete compositions with cements otheiGEM | at the prescribed alkali level, have
limited comparability with real concrete compositsp and the very long-term effect of mineral
additions is still unclear.

Concerning existing structures, current knowledge clearly deficient, not allowing to as-
sess rigorously the actual condition of an affectdcture and to accurately predict the me-
chanical properties deterioration and the periodnduwhich it will effectively perform its
function; all essential to determine current safetyel and timely and cost-effectively plan
eventual mitigation/rehabilitation/reconstructionnks.

Because of this, LNEC, in collaboration with théeimational scientific community, is con-
ducting several studies to contribute to the dlzatfon of some of the abovementioned aspects
and, consequently, to allow a more effective préeanof ASR in new concrete structures and
a more reliable management of ASR affected strastur
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